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Abstract: This paper investigates the work function adjustment of a full silicidation (Ni-FUSI) metal gate. It is

found that implanting dopant into poly-Si before silicidation can modulate the work function of a Ni-FUSI metal

gate efficiently. With the implantation of p-type or n-type dopants,such as BF,,As,and P,the work function of a

Ni-FUSI metal gate can be made higher or lower to satisfy the requirement of pMOS or nMOS, respectively. But

implanting a high dose of As into a poly-Si gate before silicidation will cause the delamination effect and EOT

loss,and thus As dopant is not suitable to be used to adjust the work function of a Ni-FUSI metal gate. Due to the

EOT reduction in the FUSI process,the gate leakage current of a FUSI metal gate capacitor is larger than that of

a poly-Si gate capacitor.
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1 Introduction

With the development of the microelectronics
industry,it is becoming necessary to replace poly-
Si gates with metal gates in the future advanced
CMOS. Metal gates have many advantages over
poly-Si gates,such as no poly-Si depletion effect,
no boron penetration effect,and low gate resistiv-
ity. Metal gates also have better compatibility
with future high k gate dielectrics. In order to sat-
isfy the requirements of high performance de-
vices, metal gates should have the ability of work
function adjustment. There are many metal gate
integrated approaches, such as the single work
function metal gate approach"", dual metal ap-
proach'®’, metal interdiffusion approach™, single
metal dual work function approach™ , and FUSI
approach” . Among these methods, the FUSI ap-
proach is promising,as it makes it possible to tune
the work function easily by implanting dopant in-
to poly-Si before silicidation'® and is simple and
highly compatible with CMOS processes, making
it be an attractive candidate to be integrated into
the next generation of CMOS technology.

It has been reported that the dopant will be
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redistributed during silicidation and become segre-
gated to the gate/diclectric interface. The pile-up
of dopant in the gate/dielectric interface is the
reason for work function adjustment”*'. In this
paper,we investigate the effect of the dopant on
the work function of Ni-FUSI metal gates and
compare differently doped Ni-FUSI metal gates
with a control one. We also investigate some other
problems related to the FUSI approach, such as
EOT variation.

2 Experiment

LOCOS isolated MOS capacitors were fabri-
cated on n-type (100) Si substrate wafers. Figure 1
gives the main process step flow for the fabrica-
tion of the Ni-FUSI metal gate MOS capacitors.
The capacitors were fabricated with three differ-
ent thicknesses (1. 9,3.0,4. 9nm) of silicon oxyni-
tride (SiON) gate dielectric in n-type substrate.
After the gate dielectric was grown, LPCVD poly-
Si was deposited and implanted with different
dopants at different doses,followed by RTA acti-
vation at 1005C . Table 1 gives the implantation
conditions. Then Ni was deposited. The thickness
ratio of Ni/Si is about 0. 67, which is sufficient to
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e n (100) substrate

* LOCOS isolation

* Gate oxide (1.9,3.0,4. 9nm)
 Polysilicon deposition

¢ Gate implantation and activation
« Ni deposition

« FUSI process (RTA,520C)

« Selective remove unreacted Ni

¢ Back metallization

Fig.1 Main process step flow for the fabrication of
Ni-FUSI metal-gate MOS capacitors

consume poly-Si gate completely. The FUSI
process was performed using RTA at 520C , fol-
lowed by selective etching to remove unreacted
Ni. STEM was used to check whether the poly-Si
gate was fully silicided. Capacitance-voltage ( C-
V) characteristics and flat band voltage versus
equivalent oxide thickness ( V,-EOT) characteris-
tics were used to examine the influence of dopant
on the work function of the Ni-FUSI metal gate.
Gate leakage characteristics were also investiga-
ted.

3 Results and discussion

Figure 2 shows a cross-sectional TEM image
of an undoped Ni-FUSI gate stack after 520C
RTA followed by sclective etching. STEM was
used to analyze whether the poly-Si gate is full sil-
icided,as shown in Fig. 3. It can be seen that the
poly-Si gate was completely transformed into Ni
silicide with good gate/dielectric interface quali-
ty,and the Ni/Si ratio of nickel silicide is almost
1 ¢ 1,which means that the dominant phase is Ni-
Si.

Figures 4 (a),(b),and (¢) show the capaci-
tance-voltage ( C-V) characteristics of capacitors
with different gate dielectric thicknesses for dif-
ferent dopants and doses (Note: The gate dielectric
thickness , in Fig. 4, refers to the thickness meas-

Table 1 Implantation conditions
Dopant Energy/keV Dose/10%cm 2

1
BF. 25 2
3

1.5

As 45 5

P 40 1.5

SiN,

Fig.2 TEM cross-sectional image of undoped Ni-
FUSI gate stack

ured by ellipsometer before the FUSI process. It
will be changed after the FUSI process. This will
be discussed later.). From Fig. 4, it can be seen
that the C-V curves shift with different degrees

(a)

Ni-silicide
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Intensity/a.u.
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0 |
0 50 100
Position/nm

Fig.3 (a) STEM image of interface; (b) Ni, Si ele-
mental distribution analysis across the interface along
line 1
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Fig.4 C-V characteristic of capacitors with different
dopants and doses (a) The physical oxide thickness
(To) is about 1. 9nm; (b) T,y is about 3. Onm; (¢) To
is about 4. 9nm

for different ions or doses. By implanting n-type
(As or P)or p-type (BF,) dopants into poly-Si
gate,the C-V curves of doped capacitors can be
tuned to the left or right of undoped capacitors,
respectively. Because the oxidation process and
thickness of gate diclectric for doped capacitors
are the same as undoped capacitors.the flat band
voltage ( V) shift can represent the work func-
tion change of a doped Ni-FUSI metal gate. Thus
the Ni-FUSI metal gate work function can be effi-
ciently adjusted by pre-implantation dopants into

the poly-Si gate before silicidation. And increasing
dopant dose can extend the work function range
of the Ni-FUSI metal gate. As can be seen from
Fig. 4 (b), with the increase of the dose of BF,,
the Vg, value increases from 0. 233V (dose: 1 X
10”em™2) to 0.357V (dose:3X10"cm™?) ,indica-
ting the improvement of the gate work function.
But for the case of As dopant,the maximum flat
band voltage shift corresponds to a dose of 2.5 X
10”cm ™%, which is not the maximum dose. This is
because an As dose that is too high results in de-
lamination at the gate/dielectric interface region.
Figure 4 also shows that different dopants have
different work function modulation abilities,even
with the same dopant dose. This is because differ-
ent dopants have different solubilities in silicide
and poly-Si, which causes different amounts of
dopant to be segregated to the interface. This is
the reason why various dopants have different
modulation abilities.

From Fig. 4, we can also see that the capaci-
tance values of different capacitors whose gates
are doped with different dopants are different
from each other. There are many reasons causing
this phenomenon. First, when a poly-Si gate is re-
placed by a FUSI metal gate,the capacitance val-
ue in the accumulation region will become larger.
IBM researchers also found that the accumulation
capacitance value becomes larger when a poly-Si

[9-10 We con-

gate is substituted with a metal gate
sider that metal (Ni) will diffuse into the gate di-
electric during the FUSI process, making the gate
dielectric thinner and thus the equivalent oxide
thickness (EOT) smaller. Since impurities in the
poly-Si gate will retard Ni diffusion and different
dopant types and doses have different barrier
effects, different amounts of Ni diffuse into the
gate dielectric, inducing the variation of EOT.
Second,when a gate is doped with As dopant, ca-
pacitors with low dose of As (1.5X 10" and 2.5 X
10 cm™?) have much lower capacitance values.
The lower the dopant dose is.the lower the capac-
itance value will be. This may be the poly-Si de-
pletion effect. We have found an amorphous sili-
con layer between the FUSI metal gate and gate
dielectric,as shown in Fig. 5 (a), which is con-
firmed by EELS analysis. Figure 5 (b) shows an
HRTEM image of the interface of silicide and this
layer,and Figure 5 (c) shows an HRTEM cross-
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Ni-silicide

b e et A0

Fig.5 (a) TEM cross-section of FUSI metal gate
stack doped with As; (b) HRTEM cross-section of
metal-gate/a-Si interface; (¢) HRTEM cross-section of
gate stack doped with As

sectional of the gate stack. French researchers
have also found this phenomenon''" . If dopants in
this thin amorphous silicon layer are not fully ac-
tivated and/or the concentration is not high
enough.applying a positive voltage to the gate to
put the n-type substrate into an accumulative state
will cause a polysilicon depletion effect. The low-
er the As dose is, the thicker the depletion layer

Ni-silicide

Fig. 6 HRTEM cross-section of FUSI metal gate
stack doped with P

will be. Thus the capacitance values of capacitors
with lower dopant doses are smaller than those
with higher dopant doses. Furthermore, the exist-
ence of this amorphous silicon layer indicates that
the poly-Si gate is not fully silicided. Thus metal
(N1) does not diffuse into the gate dielectric and
make it thinner. In contrast, researchers have
found that the EOT of an As-doped capacitor in-
creasest'™ . There are some possible reasons for
this. Some researchers ascribe this to the presence

61 Some

of residual poly-Si or an impurity layer
believe that the distribution position of As dopant
causes this problem'*’. We think the following
reasons may cause the increase of EOT. We have
not deposited Ti or TiN layers on the Ni layer.
During the FUSI process, oxygen may penetrate
into the gate and be segregated to the gate/dielec-
tric interface. This oxygen may react with Si to
form oxide, which will increase the thickness of
the gate dielectric, and then EOT will be in-
creased. From Fig.5 (¢),we can see that the gate
dielectric is thicker than that of a P-doped capaci-
tor (Fig. 6).

For the case of P,this phenomenon is not ob-
served. Figure 6 shows a TEM cross-sectional im-
age of a FUSI metal gate stack doped with P. The
accumulation capacitance values of P-doped Ni-
FUSI metal gate capacitors are almost the same as
undoped capacitors.

Thus, the FUSI process may cause gate dielec-
tric thickness and EOT variation. Implanting a
high dose of As into a poly-Si gate before silicida-
tion will induce a delamination effect and EOT in-
crease. Arsenic dopant is not suitable to be used to
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Fig.8 Work functions of Ni-FUSI metal gates repor-
Fig.7 Flat band voltage extrapolation as a function ted by different groups [ * ] represents our work.

of the EOT for capacitors with BF,, As, P doped and
undoped Ni-FUSI metal gate

adjust the work function of Ni-FUSI metal gates.

The characteristic of flat band voltage (V)
as a function of equivalent oxide thickness (EOT)
is shown in Fig. 7. V, can be expressed as

Vie = Py — & = P — &EOT @)

Cox €0€ox

where ¢, means the work function difference be-
tween the metal gate and substrate,e,, is the per-
mittivity of SiO,, e, is the vacuum permittivity,
and Q, is the equivalent interface charge. This
function represents a straight line. The intercept
of the line with the vertical axis of Vi, is ¢, . If we
know the work function of the substrate (¢,),we
can get the work function of the metal gate (4, =
P T B .

From Fig. 7,it can be seen that different dop-
ants and doses correspond to different Vy,,which
indicates that the work function of a Ni-FUSI
metal gate can be modulated by changing dopant
and dose. Comparing the work function of doped
and undoped Ni-FUSI metal gates,there are maxi-
mum differences of about 0.134eV between the
work functions of BF,-pre-doped with a dose of
3X10”cm™® and an undoped poly-Si gate, and
0.317e¢V between the work functions of As-pre-
doped with a dose of 2.5X10”cm™* and an undo-
ped poly-Si gate. Table 2 gives Ni-FUSI metal gate
work functions of capacitors with different dop-
ants and doses for our work. Many reported re-
sults by various research groups are summarized in

Fig. 8. It is clear that various values are reported
[13~21]

by different groups . One possible reason is
that the detailed process conditions for different
groups are different, resulting in different Ni sili-
cide phases as well as even incomplete
silicidation. This will influence the work function
accuracy of the undoped Ni FUSI metal gate in
turn, even with the same method of WF extrac-
tion. For the doped Ni FUSI metal gate, it is
therefore not strange that there exist work func-
tion differences for doped Ni FUSI metal gates
between different groups. This is due to different
redistribution and segregation of dopant besides
the reasons for undoped Ni-FUSI metal gates.

From Fig. 7, we can also see that EOT of
some capacitors are dispersed. The reason for this
has been discussed above. The FUSI process will
cause EOT variation. When these data are used to
deduce gate work function,some data points are
disabled,such as BF, doped capacitors with high
dopant dose (3 X 10* and 2 X 10”cm™2) and thin
EOT (1.6~1.7nm). Flat band voltages of these
capacitors with thin gate dielectric are much lar-
ger than those of other capacitors with thicker
gate dielectrics. This is because when the thickness
of the gate dielectric is very thin, dopant may
penetrate into the gate dielectric or channel. This
will cause a larger flat band voltage shift. Thus the
flat band voltages of some capacitors with thin
gate dielectrics are invalid. We should use other
data to deduce the gate work function.

Table 2 Ni-FUSI metal gate work functions with different dopants and doses for our work

Dopant Undoped BF; As P
Dose/10®cm ™2 0 1 2 3 1.5 2.5 4 1.5
Gate WF/eV 4.554 4.584 4.665 4.688 4.296 4.238 4.323 4.399
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Fig. 9 Gate leakage characteristics of capacitors with
Ni-FUSI metal gate and poly-gate

The gate leakage characteristics of capacitors
in the accumulation state are also investigated,
and are shown in Figs. 9 and 10. The gate leakage
characteristics of capacitors doped with different
dopants,doses and oxide thicknesses are compared
(Note: The gate dielectric thickness refers to the
thickness measured by ecllipsometer before the
FUSI process. This will be changed by the FUSI
process. ). When the thickness of the gate diclec-
tric is very thin, gate leakage current due to quan-
tum mechanical effects will be a serious problem.
This is a scaling limitation of CMOS devices. The
gate leakage current of ultrathin gate dielectrics is
very sensitive to gate oxide thickness. The experi-
ment shows that the leakage current will exponen-
tially increase as the thickness decreases. With the
same EOT, metal gate and poly-Si capacitors will
have similar gate leakage™ . From Fig. 9.,it can be
seen that the leakage current of FUSI metal-gate
capacitors doped with BF, and P is similar or lar-
ger than that of poly-Si gate capacitors. This is

10°
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Fig. 10  Gate leakage characteristics of capacitors

with Ni-FUSI metal gate

because, as we have mentioned above, the FUSI
process makes the gate dielectric thickness and
EOT of FUSI metal gate capacitors thinner than
poly-Si gate capacitors. Thus, this effect increases
the gate leakage current of Ni-FUSI metal gate
capacitors. Nevertheless, in the case of As-doped
capacitors,the gate leakage current is much lower
than that of other capacitors. We think this is
caused by the increasing of gate dielectric thick-
ness. When the gate is doped with As dopant, we
have indicated that the FUSI process will make
the gate dielectric thicker. This will increase the
equivalent oxide thickness of the gate dielectric
and decrease the gate leakage current significant-
ly. If a FUSI metal gate capacitor has the same ca-
pacitance equivalent thickness (CET) as a poly-Si
gate capacitor, then because the FUSI metal gate
can climinate the poly-Si depletion effect, the
EOT of the FUSI metal gate capacitors will be
larger than that of the poly-Si gate capacitor.
Thus, for the same CET, the gate leakage current
of a FUSI metal gate capacitor will be smaller
than that of a poly-Si gate capacitor.

Figure 10 gives the gate leakage characteris-
tics of capacitors with about 3. Onm physical gate
oxide thickness. Its characteristics are very similar
to Fig. 9,but the gate leakage currents are smaller
than that of Fig. 9 due to the increased thickness
of the gate dielectric.

4 Summary

In this paper, the effects of dopants implan-
ted into poly-Si gates before silicidation on the
work function of Ni-FUSI metal gates were inves-
tigated by comparing C-V and Vy, versus EOT
characteristics of Ni-FUSI metal gate capacitors
with different gate oxide thicknesses and implan-
tation conditions. It was found that different dop-
ants (BF,, As and P) and doses can change the
work function of Ni-FUSI metal gates significant-
ly. But the FUSI process will induce EOT varia-
tion. Also, As dopant may cause a delamination
effect and increased EOT. Thus it is not suitable
to use As to adjust the work function of a FUSI
metal gate. The work function range adjusted by
BF, is not large enough to satisfy conventional
bulk silicon pMOS. Due to the EOT reduction in
the FUSI process, the gate leakage current of a
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FUSI metal gate capacitor is larger than that of a
poly-Si gate capacitor.
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